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We study the optical properties of tetravalent vanadium impurities in 4H silicon carbide (4H SiC).
Emission from two crystalline sites is observed at wavelengths of 1.28 µm and 1.33 µm, with optical
lifetimes of 163 ns and 43 ns. Group theory and ab initio density functional supercell calculations
enable unequivocal site assignment and shed light on the spectral features of the defects. We
conclude with a brief outlook on applications in quantum photonics.
I. INTRODUCTION
Defects in semiconductors such as silicon, diamond and
silicon carbide have advanced to the forefront of candi-
dates for the implementation of quantum bits and sen-
sors, as they present attractive features such as long
quantum coherence lifetimes and strong optical tran-
sitions [1–13]. In diamond, the nitrogen vacancy has
garnered particular interest due to its excellent room-
temperature spin coherence, while the silicon vacancy
defect has a strong and narrow zero-phonon-line (ZPL)
emission and only a weak phonon-assisted sideband.
Both defects’ luminescence appears in the visible portion
of the spectrum. For long-distance communications and
applications with optical interfaces, photonic signals in
the near-infrared range between 1.2 µm and 1.6 µm are
most desirable, since scattering losses are greatly reduced
and low absorption in silica optical fibers enables long-
distance photon transmission. Furthermore, this wave-
length lies in the range of the biological transparency
window.
Silicon carbide (SiC) has recently been discovered as
a promising host for quantum bits and single-photon
sources based on impurities. Its large bandgap (> 3 eV)
gives ample room for strong transitions in the optical do-
main, while both silicon and carbon are predominantly
free of nuclear spin by natural isotopic abundance. The
crystal therefore offers a quiescent magnetic environment,
and its hardness gives rise to high-frequency phonon
modes which are only modestly occupied, even at room
temperature. The recent study of optically active defects
in silicon carbide has revealed several defects with prop-
erties of interest for quantum applications [14]. Earlier
∗ All correspondence should be addressed to
michael.trupke@univie.ac.at
work was focused on the electronic properties of impuri-
ties, and included detailed research on metallic dopants,
of which several possess optical transitions in the near-
infrared [15]. Detailed studies of these defects have only
recently resumed in light of the emergence of quantum-
enhanced applications. For instance, the chromium lines
at 1042 nm and 1070 nm were examined recently, show-
ing promise as a spin-photon interface [16]. However,
the long optical lifetime indicated a modest optical cross-
section, presenting an obstacle for efficient photonic in-
teractions.
Vanadium (V) is one of the most scrutinized defects in
SiC, due to its amphoteric properties, which were rou-
tinely used for compensation of impure crystals. First
optical studies showed strong and sharp luminescence
lines, as well as narrow electron spin resonance (ESR)
features with a linewidth smaller than 2 Gauss in an en-
semble [17]. This width corresponds to a spin coherence
lifetime of several tens of nanoseconds, enabling coherent
spin manipulation. The defect was further found to have
multiple charge states, which are of interest for spin-to-
charge conversion and nuclear spin memory protection
[18, 19].
In this work, we have studied substitutional vanadium in
silicon carbide with a view on applications in quantum
information and communication. We investigate the op-
tical properties of the neutral charge state, V4+. This de-
fect presents narrow optical emission lines in the telecom-
munications window near 1300 nm, an optical decay life-
time below 50 ns and a rich level structure. The defect
therefore shows promise for photonic quantum technol-
ogy. We first describe its spectral features in sections II B
and II C. A theoretical picture of the defect properties is
given in III.
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FIG. 1. a) Recorded spectrum of the luminescence at selected temperatures. b) Power dependence of the luminescence at 3.5
K, showing no saturation in the measured regime. c) Polarization dependence of the four different features, signals are re-scaled
for clarity.
II. EXPERIMENTAL RESULTS
A. Setup and materials
We examined a single-crystal 4H SiC sample with an
homoepitaxial layer grown on an on-axis substrate [20].
The epilayer is 25 µm thick and was grown with vana-
dium tetrachloride as a source of V-dopant, leading to
an inclusion density of 2 × 1016 V/cm3 as measured by
SIMS. All photoluminescence (PL) measurements were
performed using a 441 nm CW or pulsed laser source.
The fluorescence was collected through the cryostat win-
dow with a 100x microscope objective (Mitutoyo M-Plan
Apo, N.A.=0.7). Spectra were recorded using a grating
spectrometer with a liquid-nitrogen-cooled detector, with
a nominal resolution of 0.2 nm/pixel. All wavelengths
are vacuum values. The fluorescence decay signals were
recorded using a superconducting nanowire single pho-
ton detector (EOS 210 OS by Single Quantum). The
fluorescence signals from the different spectral features
were isolated using narrow bandpass filters with a full-
width at half maximum smaller than 50 nm, rotated to
select the desired wavelength range.
B. Spectrum and polarization
The spectrally resolved fluorescence [Fig 1 a)] under
blue excitation of the defects reveals three sharp lines,
a doublet around 1279 nm (α3 and α2) and a smaller
feature at 1334 nm (β). The doublet has been attributed
to the hexagonal site, the single line to the quasi-cubic
site in 4H SiC. The broad feature between these lines
near 1310 nm (αP ) has not been assigned yet, but it
has been hypothesized that it may correspond to a
low-lying vibronic mode of the defect. The width of
the α lines at temperatures below 30 K is below the
spectrometer resolution (∼ 35 GHz), while the β feature
is of approximately that width. Previous measurements
in 6H-SiC however indicate that an unresolved doublet
may give rise to the observed β linewidth [21].
At low temperature, the α doublet makes up over 50 %
of the recorded luminescence. It is however known that
further phonon-assisted luminescence features appear
beyond the spectral window recorded here, extending up
to ∼ 1530 nm. We therefore estimate conservatively that
the ZPL accounts for about one third of the defects’
luminescence.
The doublet displays a temperature-dependent lumines-
cence ratio. At 4 K, the α3 peak accounts for almost 70
% of the doublet’s luminosity, but the ratio approaches
equilibrium approximately exponentially and is near
unity at 100 K, above which temperature the lines are
broadened beyond resolvability [Fig. 1 a)].
The dependence of the luminescence on excitation power
is consistent with a linear behaviour within the available
excitation range (3.5 mW in front of the objective) [Fig
1 b)]. We therefore expect that high luminosity can be
achieved with significantly greater excitation power, or
for resonant driving. The origin of the slight ellipticity
in the emission is as yet unknown. Importantly however,
the polarization dependence of the luminescence displays
near-identical behaviour across the spectrum [Fig. 1 c)].
There are no indications for a strong spin dependence
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FIG. 2. Fluorescence decay for pulsed blue illumination measured at ∼4 K temperature. a)-d) Decay traces for filtered
fluorescence at increasing wavelength ranges around 1280 nm, 1310 nm, 1334 nm and 1360 nm, respectively. The fitted decay
functions are shown as solid lines. The dashed lines in c) and d) display the individual fitted decay components. e) Detail of
the low-temperature spectrum. The four coloured bands indicate the filtering bands for a)-d). The arrow indicates the spectral
feature used for estimation of the spin-orbit splitting in the excited state.
of the charge recapture, so it can be assumed that the
excited-state spin sub-levels are populated equally and
with random phases in the excitation process.
The strength of the overall luminescence shows no
discernible dependence on temperature up to 40 K, then
decreases slowly by ∼75 % up to 310 K.
C. Fluorescence decay lifetimes
The decay traces for the two types of defect illumi-
nated with a pulsed blue laser are shown in Fig. 2.
A portion of the trace before the laser pulse is used to
calculate the background counts. The data for the α2,3
doublet (black line) shows very good agreement with a
single exponential decay (blue line) with a lifetime of
τ1 = (164.2 ± 1.5) ns, and a similar fluorescence lifetime
is observed for the αP feature. This observation confirms
the assignment of the αP feature to a low-lying phonon
branch of the α defect. The β line requires a double
exponential,
y(t) = A1 exp(−t/τ1) +A2 exp(−t/τ2), (1)
to reach agreement with the data. While the magnitudes
A1 and A2 of the decay components are similar, the life-
times differ significantly with τ2 = (158.5 ± 5.1) ns and
τ = (43.3± 4.3) ns, where the error margins give the 3σ
uncertainty of the measured value. A similar behaviour
is observed in the spectral region around 1360 nm. These
characteristics indicate that local phonon modes give rise
to a broad phonon sideband that extends from the α ZPL
peaks to beyond the β feature. The double-exponential
behaviour around the β emission peak is then due to the
addition of α-related, phonon-assisted luminescence and
β ZPL photons, while at longer wavelengths it is caused
by the addition of the phonon sidebands of the two defect
types.
The decay rates show no statistically significant depen-
dence on temperature up to 20 K for the β decay channels
and up to 50 K for the α lines. At higher temperatures,
the luminescence decay accelerates significantly, as shown
in Fig. 3. The data points show weighted averages of
decay times extracted from traces at different points in
the spectrum. No spectral dependence of the decay life-
times was discernible. We fit the observed decay rates
to a model of thermally activated, non-radiative decay
process, given by
τtot(T ) =
[
1
τ
+
1
τp
exp
(
− Ep
kBT
)]−1
. (2)
We find activation energies Ep of (28 ± 2) meV and
(8 ± 3) meV for the α and β branches, with thermally-
assisted decay lifetimes τp of (83 ± 15) ns and (36 ± 11)
ns, respectively. These processes are likely related to
thermally induced charge transfer processes involving
other impurities. Their relatively high activation ener-
gies nonetheless underline that both defects can be ex-
pected to display stable features at temperatures below
10 K.
III. THEORY AND NUMERICAL RESULTS
A. Defect model and details of calculations
Previous results showed [22] that vanadium substitutes
Si site in 4H SiC. Since two inequivalent substitutional
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FIG. 3. Measured fluorescence decay lifetime versus tempera-
ture for the slower (α) and faster (β) decay processes observed
across the spectrum. The lines show fits to equation 2.
sites, k and h, exist due to the particular packing of Si-C
bilayers along the c-axis in 4H SiC, vanadium will form
two distinct color centers in 4H SiC. We label the two
distinct configurations as vanadium (k) and vanadium
(h) accordingly. We study the electronic structure and
optical properties of these configurations by ab initio cal-
culations for identification of the vanadium-related α and
β emitters.
Calculations were carried out in the framework of
Kohn-Sham (KS) Density Functional Theory (DFT) by
means of the Perdew-Burke-Ernzerhof (PBE) [23] func-
tional. We rationalize the choice of this functional in
Sec. III B. The vanadium (k) and (h) defects were mod-
eled in a 576-atom supercell. The Kohn-Sham wave-
functions were expressed by plane waves with a cutoff
of 420 eV where the ions were treated by projector-
augmented wave (PAW) [24] potentials as implemented
in vasp code [25]. The large supercell suffices to apply Γ-
point for sampling the Brillouin-zone which also allowed
us to carefully follow the degeneracy of the defect levels
in the fundamental band gap. The geometries were re-
laxed by minimizing the total energy with respect to the
coordinates of the atoms until the forces fell below using
the threshold of 0.01 eV/A˚.
The excited state is calculated by ∆SCF method [26],
in order to determine the zero-phonon-line (ZPL) energy.
In order to calculate the phonon sideband, the Huang-
Rhys (HR) approximation was employed as implemented
by Gali et al. [27]. The strength of the coupling is rep-
resented by the total HR factor (S(~ω)). From S(~ω)
spectral function (A(EZPL − ~ω)) of the photolomines-
cence spectrum can be calculated. Detailed derivation of
S(~ω) and A(EZPL − ~ω) can be found in [27] and [28].
The contribution of the ZPL emission to the total emis-
sion containing the phonon sideband is the Debye-Waller
factor (DW) that can be readout in the experimental PL
spectrum which is related by DW= exp{S(~ω)} to the
calculated HR factor, S.
B. Test on the applied semilocal DFT functional
The HSE06 range-separated functional developed by
Heyd, Scuseria and Ernzerhof [29] was proven to be a
powerful tool to study point defects in solids [30, 31].
However, it has been shown that transition metal de-
fects can introduce strongly localized orbitals (e.g., d elec-
trons) which is significantly different from the character
of the sp3 electron bath of the host semiconductors, and
HSE06 fails to simultaneously describe both states. To
remedy this issue, Iva´dy et al. [32] developed a technique
in which the HSE06 functional is corrected by an orbital
dependent term inspired from DFT+U method, that is
called HSE06 + Vw method. The additional term reads
as
Vw = w
(
1
2
− n
)
, (3)
where w represents the strength of the potential and
n is the occupation number. The value of w can
be determined via the generalized Koopmans’ theorem
(gKT)[33]. We carried out calculations in order to deter-
mine the potential strength, which yielded w = 2.2 eV for
both vanadium (k) and (h) defects, indicating identifica-
tion of the accurate functional for the vanadium impurity
in 4H SiC. We use this functional to test the computa-
tionally less costly semilocal PBE functional. We found
that the order of defect levels for the two defect configu-
rations agrees by the two methods (cf. Fig. 4). Further-
more, the localization of defect wavefunctions on vana-
dium atom agrees within ∼10% as obtained by the two
methods. We concluded that PBE functional can pro-
vide semi-quantitative results for vanadium in 4H SiC,
thus we employed this DFT functional in the context.
However, this method is not expected to provide the cor-
rect absolute value for the energy of the excited state of
the defects, for which we instead rely on the experimental
data.
C. Identification of emitters and calculated
photoluminescence spectrum
Vanadium is neutral in a wide range of doping lev-
els [34], thus it is assumed that the α and β emission
lines originate from the neutral vanadium defects [35].
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FIG. 4. Defect molecular orbital diagram for vanadium (h) and vanadium (k) in 4H SiC under C3v symmetry regarding only
the crystal-field splitting. Characters of all Kohn-Sham levels are indicated. Antibonding levels are denoted by an asterisk.
VacSi indicates the silicon vacancy levels. CB (VB) indicates the conduction (valence) band.
The observed spectral features support this model [15],
which assumes a spin doublet ground state. We con-
sidered the neutral vanadium defect accordingly. Ap-
plication of group theory can be very useful in deter-
mining the electronic structure of the defect. In Fig.
4 the defect-molecular orbital diagram of the vanadium
defect is depicted which assumes an interaction between
the orbitals of Si-vacancy and vanadium atomic orbitals.
According to group theory considerations the electronic
structure introduced of the neutral vanadium defect is
a1(2)a1(2)e(4)e(1) whereas the empty states are a
∗
1 and
two e∗. The calculations imply that all the fully occu-
pied states fall in the valence band (VB) and only the
singly occupied atomic-like e levels appear in the gap
that constitutes 2E ground state. One of the empty e∗
lies high in the conduction band (CB) whereas the a∗1
and the other e∗ are resonant with the conduction band
edge. Our DFT calculations revealed that the order of
these a∗1 and e
∗ levels depends on the defect: e∗a∗1 and
a∗1e
∗ for the k and h sites, respectively (see Fig. 4).
To understand this effect, it is illustrative to derive
the electronic structure from that of vanadium defect in
3C SiC exhibiting Td symmetry. Accordingly, vanadium
atom introduces a double degenerate e level in the band
gap and a triple degenerate t∗2 level resonant with the
CB edge. Under C3v crystal field of the defect in 4H SiC
the t2 state splits into a double degenerate e and non-
degenerate a1 level. The energy order of these states can
only be determined by a closer inspection of the defect
environment [cf. Fig. 5 (b)]. According to the calcula-
tions, the e∗ state exhibits negligible extension in along
c-axis whereas a∗1 state (dzz-like orbital) is sensitive to
the environment along the c-axis. Because of the crys-
tal structure of 4H SiC, the a1 state is more confined
along the z-direction in (k) than that in (h) configura-
tion [dashed lines in Fig. 5(a)]. The stronger confine-
ment at (k) site over (h) site pushes up the empty a∗1
level at vanadium (k) with respect to that at vanadium
(h) whereas the corresponding e∗ levels are the same.
These differences have considerable consequences for
the nature of the PL emission from these defects. The
emission comes from the 2E excited state at (k) site
whereas it comes from 2A1 at (h) site. This influences the
fine structure of the excited state and the polarization of
the emitted photons. Furthermore, the zero-phonon-line
(ZPL) energy should be larger for (k) configuration than
that for (h) configuration if we assume the same Stokes
shift in the emission process.
PBE DFT calculations indeed result in 0.845 eV ZPL
energy at (k) site and 0.785 eV ZPL energy at (h) site.
Here, we neglected the spin-orbit splitting and used static
Jahn-Teller distorted structures in the total energy cal-
culations. The absolute values in the calculated ZPL en-
ergies are within 0.1 eV. More importantly though, the
calculated ZPL energy difference with this simple method
is 0.06 eV which is close to the experimental value of
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FIG. 5. (a) Defect models of vanadium (h) and (k) depicted in the same supercell in orthographic view. Isosurfaces —
using the same isovalue — of spin densities are illustrated for both defects. Dashed lines illustrate the distances of the nearest
neighbor atoms in the z-direction as the origin of the potential confinement along the c-axis. (b) Splitting of t2 level under C3v
symmetry. Both possible energy orderings of the splitting are depicted with the assignment of the corresponding vanadium
defects in 4H SiC. VB and CB are the valence and conduction bands, respectively.
0.04 eV. These results strongly imply that α and β emit-
ters are the vanadium defects at (k) and (h) sites, re-
spectively, in contrast to the present assumptions in the
literature [17].
Examination of the phonon sideband (PSB) of the
vanadium emitters is of great importance as on the one
hand, it gives further insight into the optical properties of
the defects, and on the other hand, it presents pathways
for off-resonant excitation. The average Debye-Waller
(DW) factor of the two defects can be evaluated directly
from the measurement and yields DW = 34 %. We can
further calculate limits on the DW factors of the two de-
fects by partitioning the spectrum at the β PSB, which
yields 31 % <DWα < 60 %, and DWβ > 10 %. To gain
further understanding of the phononic properties of the
two emitters, we construct a numerically optimized spec-
trum to match the observed photoluminescence (see Fig.
6). Guided by the ab initio model, we assume that the
β defect has no significant PSB emission with phonon
energies smaller than ∼ 20 meV. We furthermore impose
that the PSB emission be zero for phonon energies greater
than 200 meV. We then construct a summed spectrum
out of five Gaussian sidebands of the form
I(δ) = I0
j=10∑
j=1
1√
jpiσ
exp
[
−
(
δ −∆0√
jσ
)2]
. (4)
Each sideband is then turned into a weighted doublet
to account for the α2 and α3 emission, by appropriate
adjustment of the factors ∆0 and I0 to match the ob-
served 1.47 meV splitting and strengths in the α ZPL.
The remaining PSB luminescence is mostly assigned to
the β defect, aside from a prominent set of features near
the α phonon energy band. The calculated spectrum
allows us to refine our estimates to DW(α) 39 % and
DW(β) ∼ 22 %.
The table below lists the calculated Huang-Rhys S and
the derived Debye-Waller factors, as well as the calcu-
lated radiative lifetime τrad. Comparing this value to the
measured photoluminescence lifetime (τ (exp.)) yields
an estimate of the radiative efficiency ηrad. A lower limit
for the total efficiency of ZPL transition, ηtot, is then cal-
culated as the product of ηrad with the estimated Debye-
Waller factors.
TABLE I. Summary of measured and calculated radiative
properties for the (h)- and (k)-configurations of V4+ in 4H
SiC. (th.) and (exp.) indicate calculated and measured val-
ues, respectively. τrad, τtot (exp.) and τNR are given in ns.
τNR, ηrad, ηtot are extracted from the preceding measured and
calculated values.
site S (th.) DW (th.) DW τrad (th.) τtot (exp.) τNR ηrad ηtot
k 0.66 0.52 0.39 704 τ1 =163 212 23 % 8.9 %
h 0.79 0.45 0.22 277 τ2 =43 47 15 % 3.3 %
The difference in the experimentally deduced and the-
oretical DW factors may arise from the sharp phonon
peaks in the observed photoluminescence spectra, which
are not reproduced by our simulations. These cannot
be accounted for by Huang-Rhys theory, and may be
due to an Herzberg-Teller mechanism [36]. In particu-
lar, the very sharp β feature marked Σβ in Fig. 6 can-
not be assigned to a particular oscillatory mode. This
feature however offers a strong absorption cross-section
far off resonance (λ = 1274 nm) from the β ZPL (1334
nm), which will be of benefit for photon source applica-
tions. Similarly, the 4Cα feature is expected to have a
corresponding absorption feature near 1170 nm, and may
even enable state-selective driving of the defect since the
α2 and α3 components are at least partially resolved.
As the energy gap is smaller in the (h)-configuration
than in the (k)-configuration, the non-radiative lifetime
of the (h)-configuration can be expected to be shorter.
Its radiative lifetime is also shorter than that of the (k)-
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tracted from the ab initio defect models. The purple line
shows a fit to the features with energy below 64 meV which
are assumed to originate solely from the α defect. The blue
(red) shaded area is assigned to the α (β) line. Inset: fitted
α phonon energy (purple line) compared to the extrapolated
and shifted β features (red line, unscaled; gray: scaled to
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lated for clarity. The dashed segment is the overlayed 4Cα
and (4C+V)α portion of the recorded PSB.
configuration. It is conceivable that the more de-localized
excited wavefunction is responsible for this feature. We
furthermore note that the use of blue excitation may
lead to non-radiative recombination pathways that are
excluded when using resonant excitation. It is therefore
possible that a photo-luminescence excitation experiment
may reveal longer excited-state lifetimes than those ob-
served here, yielding more favorable transition efficien-
cies.
D. Quantum optical properties
While V in SiC shares some features with the silicon di-
vacancy in diamond [6, 7], there are important differences
beyond the beneficial optical frequency. As is shown in
Fig. 7a&b the spin-orbit (SO) splitting for the hexagonal
(h) site is comparable to the silicon divacancy SO split-
ting in diamond while the cubic (k) site shows a more
than ten times larger ground state SO splitting [37]. The
ground state is seated deeply within the band gap, en-
abling strong localization of the electron wavefunction.
This points to long spin coherence lifetimes, which have
indeed been observed in ensembles [17]. Furthermore,
together with the relatively large nuclear magnetic mo-
ment of 51V (S = 7/2, gN = +1.471 µN ), the strong
localization of the electron wavefunction enables a sig-
nificantly larger hyperfine coupling frequency (A‖ = 235
MHz) than the ESR linewidth [15, 38]. The hyperfine
octet furthermore offers a large Hilbert space for quan-
tum information storage and manipulation.
An important application for these defects will be the
generation of single photons, which can be enhanced in
an optical resonator. From the measurements and our
estimate ηtot ∼ 8.9 % of the transition efficiency for the
α doublet, we can estimate the cooperativity that can be
achieved in a Fabry-Pe´rot resonator:
C =
2
pi
σE
σC
ηtot
fL
nSiC
F. (5)
Here σE = 3λ
2/2pi is the ideal optical cross-section of the
emitter, while σC = piw
2
C is the cross-section of the cav-
ity mode with the 1/e2 mode field radius wC . The factor
fL = (Lvac + nSiCLSiC)/(Lvac + n
2
SiCLSiC) accounts for
the modification of the electric field strength in a het-
erogeneous cavity partially filled with SiC, and assumes
anti-reflection coating on the inner surface. We assume
Lvac = LSiC = 5µm. The enhanced photon emission into
the cavity mode has a probability that depends on the
cooperativity as with ηcav = 2C/(2C + 1). With cur-
rent, published values for microcavities in the telecom
regime (1.3 mm radius of curvature, F (max) = 3.4× 104
[39]), this estimate yields a value of ηcav = 82 %, while
optimizing the mirror reflectivity for photon extraction
gives an output efficiency of greater than 50 %. Reduc-
tion of the cavity dimensions and an increase in finesse
could realistically lead to output efficiency values exceed-
ing 90 %. These values indicate that V in SiC may be
used to produce fast and highly efficient, cavity-enhanced
single-photon sources, and that quantum state readout
[40] can be drastically improved in such a setting. Op-
tical microresonators integrated directly in SiC offer an
alternative path for optical enhancement [41, 42].
C3v C3v+SO
2E
2E
2A1 Γ4
Γ5,6
Γ4
Γ4
Γ5,6
C3v C3v+SO
2E
2E
2A1 Γ4
Γ5,6
Γ4
Γ4
Γ5,6
a) b)
~180 GHz
~540 GHz 
<40 GHz
α1
α2
α3
α4
β1
β2
FIG. 7. Level structure with tentative assignment from group
theory, simulation, previous work [37] and measurement. a)
α lines originating from the cubic (k) site. The weak lumines-
cence feature at slightly lower energy than the α2,3 doublet
allows to estimate the spin-orbit (SO) splittings as shown (see
Fig. 2). b) β lines originating from hexagonal (h) site.
8IV. DISCUSSION
The optical properties of the studied vanadium defects
indicate that they are strong candidates for photonic ap-
plications. The recorded spectrum is in agreement with
the literature. However, our ab-initio simulations suggest
that the site assignment of the two defects should be re-
versed: The α-lines originate from the cubic site, while
the β lines are emitted from the hexagonal site. The flu-
orescence decay is remarkably fast for an intra-shell 3d
transition.
The double-exponential decay recorded in the spectral
region of the β line most likely results from the sum
of phonon-assisted α luminescence and a faster optical
transition in the β defect. Taken together, the shorter
lifetime and the lower fluorescence count rate could be
caused by stronger non-radiative or phonon-assisted de-
cay processes for the β defect, but the lower count rate
could also be due to a reduced recombination efficiency
in the excited state, since the electron wavefunction is
more strongly localized at this site.
Future efforts the theoretical focus should be placed on
deepening our understanding of the spin-orbit structure
and of the possible Herzberg-Teller features in the PSB.
Resonant spectroscopy will be required to shed further
light on the nature of the decay processes, including non-
radiative decay channels and thermally-enhanced decay
rates.
Both sites present a rich level structure that will enable
coherent optical manipulation and spin-selective optical
transitions, in turn leading to applications in quantum
communication and computation [43–46]. These mech-
anisms can be further enhanced by placing the defects
into optical microcavities, where the long wavelength will
be beneficial in reducing losses due to scattering. Fur-
thermore, the transitions both lie in the transparency
window of silicon, opening the possibility of integra-
tion with photonic, mechanical and electronic structures
in the most developed semiconductor platform [47, 48].
Furthermore, the emission lies in the second biologi-
cal window, and may therefore be of interest for in-
vivo bioimaging. In summary, we have studied the lu-
minescence of neutral substitutional vanadium centres
in 4H SiC. Temperature- and time-dependent measure-
ments have allowed us to shed light on previously unas-
signed features of the spectrum, and have revealed attrac-
tive features including a small inhomogeneous linewidth
and fast optical transitions. The characteristics of the
vanadium centres studied herein are reminiscent of the
molybdenum defect in SiC and the silicon-vacancy com-
plex in diamond[6, 7, 12], but at technologically practi-
cal wavelengths in the telecommunication ”O”-band, and
favourable spin properties. The centres therefore merit
further examination for applications in quantum technol-
ogy.
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